Identification of safe, effective radiosensitizing agents is urgently needed to improve the outcome of radiotherapy in nasopharyngeal cancer (NPC). In this study, we assessed the ability of the polyphenol resveratrol to act as a radiosensitizer in vitro and in vivo. CNE-1 cells were treated with 50 µM resveratrol for 24 h, then irradiated. E2F transcription factor 1 (E2F1) was stably knocked down and overexpressed using lentiviruses. A xenograft model of NPC was established in nude mice using CNE-1 cells. Compared to control DMSO-treated CNE-1 cells, resveratrol inhibited colony-forming ability and induced G1 phase cell cycle arrest. Radiation survival curves confirmed resveratrol significantly sensitized CNE-1 cells, and resveratrol in combination with 2 Gy irradiation synergistically increased apoptosis. Immunoblotting showed resveratrol dose-and time-dependently downregulated E2F1 and phospho-AKT (p-AKT). Knockdown of E2F1 significantly increased radiosensitivity and downregulated p-AKT; overexpression of E2F1 reversed resveratrol-induced radiosensitivity and upregulated p-AKT. In vivo, 50 mg/kg/day resveratrol and 4 Gy irradiation led to significantly lower tumor volume and tumor weight compared to resveratrol or irradiation alone. Our findings show that resveratrol increases the radiosensitivity of NPC cells by downregulating E2F1 and inhibiting p-AKT, and therefore has potential as a radiosensitizer for NPC.
Introduction
Nasopharyngeal cancer (NPC) is prevalent in Southeast Asia, especially in the Cantonese region (1) . Radiotherapy is the primary treatment and outcomes have improved considerably in the last decade. The 5-year overall survival rate is presently at least 85.8% for early-stage NPC (2, 3) . However, most patients are diagnosed with advanced NPC, which has a local control rate of only 50% and 5-year overall survival rate of 40-70% (4) . Radioresistance is a key factor that contributes to local recurrence and distant metastasis in NPC. However, increasing the radiotherapy dose alone would affect anatomically-close crucial structures and reduce the quality of life (5) . Moreover, present standard chemoradiation strategies have already reached the upper toxicity limits in terms of side effects and complications (6) . Therefore, a novel, effective, less toxic radiosensitizer is urgently needed to improve the therapeutic outcomes of patients with NPC.
Resveratrol is a polyphenol present in a wide variety of dietary sources including grapes, peanuts and red wine, as well as plant species such as Polygonum cuspidatum and Yucca schidigera (7) (8) (9) . Resveratrol exhibits many health-beneficial properties such as antioxidant and anti-inflammatory effects, and has been used as healthcare product for cardiac protection, anti-aging and lifespan extension (10) (11) (12) . Apart from these traditional applications of resveratrol, studies in a wide range of cancer cell lines suggest resveratrol may also exert anticancer effects by promoting G1 or G2 phase cell cycle arrest and subsequently inducing apoptosis (13) (14) (15) . A recent study showed resveratrol retarded cell cycle progression and eventually arrested NPC cells in the G0/G1 phase.
As G1 or G2 phase cells are more sensitive to irradiation than S phase cells (16) , we hypothesized that resveratrol may enhance radiosensitivity of NPC cells. Here, we assessed the ability of resveratrol to sensitize CNE-1 cells to irradiation both in vitro and in vivo and explored the associated molecular mechanisms. cultured in RPMI-1640 (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA) and 100 U/ml penicillin plus streptomycin (Life Technologies, Gaithersburg, MD, USA). Cells were irradiated at 12.7 Gy/min at room temperature using an RS 2000 X-ray Biological Irradiator (Rad Source Technologies, Inc., Suwanee, GA, USA). Cells were treated as follows: control [dimethyl sulfoxide (DMSO)]; resveratrol (0-150 µM resveratrol dissolved in DMSO, no. R5010; Sigma-Aldrich, St. Louis, MO, USA); irradiation (0-8 Gy irradiation); and resveratrol + irradiation (pretreatment with resveratrol for 24 h followed by irradiation).
Cell viability assay. CNE-1 cells were seeded into 96-well plates in triplicate (3,000 cells/well), cultured for 24 h, then treated with resveratrol for 24, 48 or 72 h. Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay. Absorbance values were measured at 490 nm using a microplate reader (Bio-Tek ELx800; Bio-Tek Instruments, Inc., Winooski, VT, USA).
Radiation cell survival assay. CNE-1 cells were seeded into 6-well plates (5х10 2 cells/well), incubated overnight, treated with resveratrol and/or irradiation as described above, then the media was removed and replaced with fresh resveratrol-free culture medium. After 15 days, the cells were fixed in ice-cold methanol, stained with Giemsa solution, photographed and the numbers of colonies containing at least 50 cells were scored. Cell survival curves were fitted using the linear-quadratic formula: surviving fraction = e (-αD -βD 2 ) (17); D represents the dose of irradiation; α and β are radibiological cell survival parameters.
Cell cycle and apoptosis analysis. CN E-1 cells (5x10 4 cells/well) in 6-well plates were treated as described above, trypsinized, fixed and stained according to the instructions of the Cell Cycle and Apoptosis kit (no. 559763; BD Biosciences, Franklin Lakes, NJ, USA). Cell cycle distribution and apoptosis were analyzed using a Cyto-mics™ FC500 flow cytometer and CXP analysis software (both from Beckman-Coulter, Anacortes, WA, USA).
Immunoblotting analysis. CNE-1 cells were treated in 6-well plates, lysed in RIPA buffer (0.25 M Tris-HCl, pH 6.8, 8% SDS, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin and 1.0 mg/ml leupeptin). The cell extracts were separated by 10% SDS-PAGE, transferred onto PVDF membranes (Millipore, Bedford, MA, USA) and immunoblotted using anti-E2F transcription factor 1 (anti-E2F1) (no. ab179445), anti-pan-AKT (phospho T308, no. ab38449), anti-pan-AKT (no. ab64148), anti-ERK1 (pT202/pY204) + ERK2 (pT185/pY187, no. ab50011), anti-ERK1 + ERK2 (no. ab17942) and anti-GAPDH (no. ab181602) (all from Abcam, Cambridge, UK).
Recombinant lentivirus construction and transduction.
We inserted the sequence: 5'-GTCACGCTATGAGACCTCA-3' into the LV008 lentiviral silencing vector (Forevergen, Guangzhou, China) to express a short hairpin RNA (shRNA) in order to effectively knock down human E2F1. To overexpress E2F1, we subcloned the E2F1 gene (GenBank accession no. GI: 168480109) into the LV003 lentiviral expression vector (Forevergen). The recombinant lentiviruses (and corresponding negative controls) were packaged in 293T cells and used to create stable CNE-1 cells. The expression of E2F1 in the stable CNE-1 cell lines was validated by immunoblotting.
Animals. Forty specific pathogen-free BALB/c nude mice (male, 6-weeks-old) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Peking, China). All protocols were approved by the Animal Experimentation Ethics Committee of Guangzhou University of Chinese Medicine and in compliance with recommended NIH guidelines for Care and Use of Animals for scientific purposes.
In vivo experiments. CNE-1 cells (5x10 6 ) in the exponential phase of growth were subcutaneously injected into the right flank of BALB/c mice (day 0). The volumes of the xenograft tumors were measured every 4 days. When the tumors reached 100 mm 3 (day 8), the mice were randomly assigned to four groups (n=10 mice each) and treated as follows: vehicle (5% ethanol and 25% polyethylene glycol 400 in distilled water); vehicle and 4 Gy irradiation; resveratrol (50 mg/kg/day); and resveratrol (50 mg/kg/day) plus 4 Gy irradiation. On day 8, mice were treated intraperitoneally with resveratrol or vehicle until the completion of the experiment. On day 12, mice were irradiated once a day for consecutive 3 days. Mice were sacrificed on day 28 to measure tumor volume and tumor weight.
Statistical analysis. All data are mean ± standard deviation. SPSS 13.0 software was used for statistical analyses (SPSS, Inc., Chicago, IL, USA). Each in vitro experiment was repeated independently three times. Differences between groups were compared using the Student's t-test; one-way analysis of variance (ANOVA) was used for multiple comparisons. Two-tailed P-values <0.05 were considered statistically significant.
Results

Resveratrol reduces the viability of CNE-1 NPC cells.
To investigate the effect of resveratrol on the radiosensitivity of NPC cells, we first optimized the resveratrol dose and treatment time. The MTT assay showed exposure to <100 µM resveratrol for 24 h had no significant effect on CNE-1 cell viability ( Fig. 1A ). Next, we treated CNE-1 cells with 25, 50 or 100 µM resveratrol for 24 h and assessed cell proliferation using the colony formation assay and cell cycle analysis. Resveratrol dose-dependently decreased colony formation and induced cell cycle G1 arrest ( Fig. 1B and C) . Notably, 50 µM resveratrol significantly inhibited the proliferation of CNE-1 cells. Therefore, we pretreated CNE-1 cells with 50 µM resveratrol for 24 h in all subsequent experiments.
Resveratrol enhances the radiosensitivity of CNE-1 NPC cells. CNE-1 cells seeded in 6-well plates were treated with resveratrol for 24 h, then switched to media without resveratrol, irradiated at 2, 4 or 6 Gy and cultured for 15 days. Colony formation assays showed the survival rates of the cells treated with resveratrol and irradiation decreased significantly as the dose of radiation increased, compared to cells treated with irradiation alone (P<0.05; Fig. 2A ). We applied the linear-quadratic model to fit radiosensitivity curves for each group; resveratrol-treated cells were more sensitive to irradiation than untreated cells [survival rate after irradiation with 2 Gy (SF2): 65.01±6.78% vs. 78.01±4.89%, P= 0.03; Fig. 2B ]. Radiosensitivity can also be evaluated using the radiobiological parameters α derived from the linear-quadratic formula. The α-value indicates radiosensitivity. When resveratrol-treated and untreated cells were compared, the α-value increased (0.09±0.01 vs. 0.18±0.02, P= 0.004), demonstrating pretreatment with resveratrol enhanced the radiosensitivity of NPC cells.
To further assess the effects of resveratrol and/or irradiation on NPC cells, CNE-1 cells treated as described above were stained using Annexin V/PI. Flow cytometric analysis showed (Fig. 2C ) resveratrol did not significantly increase the apoptotic rate compared to control cells. Although irradiation alone induced an apoptotic rate of 15%, the apoptotic rate of CNE-1 irradiated cells pretreated with resveratrol was ~30% (P<0.01), indicating that pretreatment with resveratrol enhances the cell-killing effect of irradiation in NPC cells.
Resveratrol downregulates E2F1 in CNE-1 NPC cells. As resveratrol dose-dependently induced G0/G1 cell cycle arrest, we next examined the expression of E2F1, a major protein that regulates G0/G1 phase (18) . CNE-1 cells were pretreated with resveratrol for 24 h then irradiated at 0, 2 or 4 Gy. Immunoblotting revealed resveratrol downregulated E2F1 in a dose-and time-dependent manner (Fig. 3A) in both non-irradiated and irradiated cells (Fig. 3B) . Notably, p-AKT was simultaneously downregulated by resveratrol, though the expression of p-ERK did not change. These results suggest resveratrol may inhibit p-AKT by downregulating E2F1.
Knockdown of E2F1 enhances the radiosensitivity of CNE-1 NPC cells. To elucidate whether E2F1 regulates the radiosensitivity of NPC cells, we knocked down E2F1 using a lentiviral system; immunoblotting confirmed E2F1 was downregulated and furthermore, p-AKT was concomitantly reduced (Fig. 4A ). As E2F1 regulates the G0/G1 progression of the cell cycle (18), we performed cell cycle analysis by PI staining and flow cytometry. Stable knockdown of E2F1 (CNE-1-shE2F1) increased the percentage of cells in the G0/G1 phase compared to control CNE-1 cells (CNE-1-NC). Furthermore, the colony formation assay indicated that the depletion of E2F1 reduced the colony formation rate (data not shown), indicating E2F1 plays an important role in the proliferation of NPC cells (Fig. 4B ).
Next, CNE-1-NC and CNE-1-shE2F1 cells were seeded in 6-well plates, treated with or without resveratrol, irradiated at 0, 2, 4 or 6 Gy, cultured for 15 days, then subjected to the colony formation assay (Fig. 4A) . Based on the clone formation rate, we applied the linear-quadratic model to fit radiosensitivity curves for each group (Fig. 4B ). CNE-1-shE2F1 cells had a higher α-value (0.22±0.03 vs. 0.10±0.01, P= 0.002) and lower SF2 (60.45±3.24% vs. 79.51±5.42%, P= 0.03) than control cells, demonstrating knockdown of E2F1 enhanced the radiosensitivity of CNE-1 cells. CNE-1-NC and CNE-1-shE2F1 were seeded in 6-well plates, irradiated at 2 Gy and cultured for 72 h. Annexin V/PI double staining and flow cytometric analysis (Fig. 4C ) revealed CNE-1-shE2F1 cells had a significantly higher apoptotic rate than CNE-1-NC cells. Collectively, the data indicate that knockdown of E2F1 enhanced the cell-killing effect of irradiation in NPC cells.
Overexpression of E2F1 reverses resveratrol-induced radiosensitivity in CNE-1 NPC cells.
To confirm if E2F1 is involved in the resveratrol-induced radiosensitivity of CNE-1 cells, we established an E2F1-overexpressing stable CNE-1 cell line (CNE-1-E2F1) and control cells (CNE-1-NC) using a lentiviral system. Immunoblotting revealed E2F1 was overexpressed in CNE-1-E2F1 cells cultured in resveratrol-free media and resveratrol for 24 h compared to the respective CNE-1-NC cells (Fig. 5A) . The colony formation assay and cell cycle analysis demonstrated resveratrol decreased the colony formation rate and induced G0/G1 cell cycle arrest in CNE-1-NC cells, whereas overexpression of E2F1 reversed the ability of resveratrol to inhibit colony formation and induce cell cycle arrest in CNE-1-E2F1 cells (data not shown).
Next, we pretreated CNE-1-NC and CNE-1-E2F1 cells seeded in 6-well plates with resveratrol for 24 h, irradiated the cells at 0, 2, 4 and 6 Gy, and then returned to the incubator for 15 days in resveratrol-free culture media. Based on the colony formation rate, we applied the linear-quadratic model to plot radiosensitivity curves (Fig. 5B ). Compared to CNE-1-NC cells, CNE-1-E2F1 cells had a lower α-value (0.13±0.02 vs. 0.23±0.01, P= 0.0006) and higher SF2 value (73.01±3.48% vs. 59.94±6.05%, P= 0.01), demonstrating overexpression of E2F1 reversed resveratrol-induced radiosensitivity.
Finally, CNE-1-NC and CNE-1-E2F1 were seeded into 6-well plates, pretreated with resveratrol for 24 h, irradiated at 2 Gy, and then cultured for 72 h. Annexin V/PI double staining and flow cytometry showed CNE-1-E2F1 cells had a significantly higher rate of apoptosis than CNE-1-NC cells (Fig. 5C ), indicating that overexpression of E2F1 impaired the cell-killing effect of resveratrol plus irradiation in CNE-1 cells. Resveratrol and irradiation synergistically inhibit NPC xenograft tumor growth in vivo. To assess resveratrol-induced radiosensitivity in vivo, we established a xenograft model of NPC in BALB/c nude mice. When the volume of tumors reached ~0.1 cm 3 (day 8), the mice were intraperitoneally injected with resveratrol (50 mg/kg/day) or vehicle until the completion of the experiment. On day 12, tumor-bearing mice were irradiated (4 Gy/day) for consecutive 3 days. On sacrifice (day 28), the weight of the mice was not significantly different between groups (data not shown).
Compared to the control group, tumor-bearing nude mice exposed to irradiation alone exhibited a 33% reduction in tumor volume (1360.69±188.45 vs. 2034.86±112.96 mm 3 , P<0.01) and 32% decrease in tumor weight (1213.75±163.87 vs. 1789.44±101.85 mg, P<0.01; Fig. 6 ). Although resveratrol alone had a certain antitumor effect, the combinatorial therapy of resveratrol and irradiation resulted in a 74% reduction in tumor volume (520.13±68.51 vs. 2034.86±112.96 mm 3 , P<0.01) and 73% reduction in tumor weight (479.22±62.84 vs. 1789.44±101.85 mg, P<0.01; Fig. 6 ) compared to the control group. These results indicate that administration of resveratrol enhanced the radiosensitivity of the NPC xenograft tumors in vivo.
Discussion
Radioresistance can lead to local recurrence and distant metastasis and is associated with a poor prognosis, especially in advanced stage NPC (19) . Due to its antioxidant and anti-aging properties, resveratrol has become a popular healthcare product for cardiovascular protection (20, 21) . This study demonstrated that resveratrol enhances the radiosensitivity of NPC cells in vitro and in vivo via a mechanism involving E2F1 and its downstream target p-AKT. Therefore, resveratrol combined with irradiation may represent a promising strategy to further improve the outcomes of patients with NPC.
Resveratrol is reported to exert a diverse range of effects, low concentrations (0.1-2.5 µM) promoted the viability and proliferation of human umbilical cord mesenchymal stem cells while higher concentrations had the opposite effects (22) . High-dose resveratrol also exerts cytotoxic effects in a variety of cancer cell lines (23, 24) . However, to achieve effective and desirable outcomes with minimum toxicity to normal cells, a clinical resveratrol and irradiation regime would need to be designed very carefully. Although different types of cancer cells respond to resveratrol and irradiation in a varied manner, the existing studies all suggested that the highest concentration of 100 mM resveratrol and highest dose of 5 Gy irradiation are sufficient to kill cells by induction of apoptosis (25) . In this study, we pretreated CNE-1 NPC cells with 50 µM resveratrol for 24 h before irradiation. This moderate dose of resveratrol did not affect the cell viability of CNE-1 cells, but did significantly reduce the proportion of S phase cells. Therefore, this non-toxic dose of resveratrol may have the potential to increase the radiosensitivity of NPC cells, as S phase cells normally exhibit resistance to irradiation therapy (16) .
Resveratrol and irradiation have been reported to modulate target molecules that inhibit proliferation and induce apoptosis. A number of proliferation or apoptosis-related molecules such as cyclins, p53, p21, NF-κB and Bcl-2 have been reported to be involved in the resveratrol-mediated radiosensitivity of cancer cells (26) (27) (28) .
This study showed resveratrol could also arrest NPC cells in the G0/G1 phase. Therefore, we examined the expression of E2F1, a key molecule that regulates the G0/G1 progression (18) . Resveratrol downregulated E2F1 in CNE-1 cells in a dose-and time-dependent manner. Furthermore, knocking down E2F1 using RNA interference inhibited proliferation and increased the sensitivity of CNE-1 cells to irradiation (Fig. 4) . Conversely, overexpression of E2F1 reversed resveratrol-induced radiosensitivity ( Fig. 5) , demonstrating E2F1 is required to mediate resveratrol-induced radiosensitivity in CNE-1 cells. E2F1 regulates AKT and ERK (29, 30) . Immunoblotting revealed resveratrol upregulated p-AKT, but not p-ERK, indicating E2F1 modulates resveratrol-induced radiosensitivity in NPC cells by activating the AKT pathway. Further investigation is required to confirm this observation.
In conclusion, we demonstrated that a moderate dose of resveratrol sensitizes NPC cells to irradiation both in vitro and in vivo. Furthermore, E2F1 and its downstream target p-AKT are major regulators of resveratrol-induced radiosensitivity. This fundamental research provides a starting point for further studies to assess the clinical application of resveratrol as a radiosensitizer in order to improve the treatment outcomes of radiotherapy in patients with NPC. 
